The superdeformation (SD) in non-rotating states is studied with the HF+BCS method using the Skyrme interaction. In applying the BCS theory, the seniority pairing force is employed, of which strengths are determined in order to reproduce the empirical pairing gap formula,∆ = 12A −1/2 , through a smooth level density obtained in the Thomas-Fermi approximation. Properties of superdeformation are investigated by calculating potential energy surfaces (PES) for various sets of the pairing force strengths and the Skyrme force parameter for 194 Hg and 236,238 U. The best results are obtained using both the SkM * force and the pairing force strength determined in this paper. By making use of this set of forces, a systematic calculation of SD states is carried out extensively for even-even nuclei for 20 ≤ Z ≤ 82. From our calculation, the barriers preventing the decay into the normally deformed states are about twice as high as those predicted by Krieger et al. who used the same Skyrme interaction but a pairing force stronger than ours. The differences of the present results from the Nilsson-Strutinsky calculation are analyzed.
Introduction
In the last decade, superdeformed (SD) bands have been studied extensively both experimentally and theoretically. Since the first observation of SD bands was made in 152 Dy nucleus in 1986 [1] , they have been found in four mass regions, i.e., A ∼ 80 [2] , 130, 150 and 190 [3, 4, 5] . The theoretical studies of SD have helped to clarify understanding of nuclear deformation. Indeed the present authors carried out an extensive investigation of normal deformations using Skyrme-Hartree-Fock method and reproduced the deformation for almost all even-even nuclei [6] . Therefore we thought it would be worthwhile to use the method to calculate SD. These SD bands have been found only at high spins so far, mainly because of the experimental method of formation of SD bands. It is expected that they may be present at zero spin, like fission isomers in actinide nuclei. It may require elaborate calculations to search for SD states in the two-dimensional space of angular momentum and quadrupole moment. Therefore, as a first step, we tried to study SD in non-rotating states and did not crank the mean field.
In this paper, we looked for SD in non-rotating states using numerical calculations of potential energy surfaces (PES) employing the Hartree-Fock(HF) with the Skyrme interaction together with the BCS method using the seniority force. A characteristic feature of our calculations is that the single-particle wave functions are expressed in a threedimensional Cartesian-mesh representation as described in Ref. [7] . This representation enables one to obtain wave functions for various shapes in a single framework, without any prejudice about shape, i.e., one need not optimize the deformation of the basis (like the three oscillator frequencies ω κ of the anisotropic harmonic-oscillator basis) for each solution. Solving the mean-field equations in this representation requires, however, a large amount of computation which can be accomplished only with supercomputers.
In this paper we utilize an HF+BCS code EV8 [7] , in which the mean-field potential is assumed to be symmetric for reflections in the xy-, yz-, and zx-planes (the point group D 2h ). We set the mesh size to 1 fm, while the size of the box is 15 × 15 × 16 fm. We put an octant of a nucleus at a corner of the box. For the BCS part, we employ the seniority force.
In sect. 2, we compare various parameter sets of the Skyrme force to see how accurately they can reproduce the excitation energy of the SD band head of 194 Hg. We explain our method to determine the pairing force strengths. We also show how strongly the pairing correlation affects the properties of SD states. In sect. 3, we study the fission isomers in 236,238 U. In sect. 4, we systematically search large-deformation solutions employing the SkM * force. We compare the results with those obtained by Krieger et al. [8] , who used the same Skyrme force but stronger pairing force strengths. In sect. 5, we also analyse the results obtained with the Nilsson-Strutinsky method. Section 6 is a summary of the present paper.
Superdeformation in

194
Hg
Recently, Khoo et al. [9] determined the excitation energies and the spins of a SD band in 194 Hg down to I π = 8 + . By extrapolating the spectrum to I = 0, they could predict reliably the excitation energy of the band head to be 6.017 MeV.
In Table 1 , theoretical predictions (listed in Ref. [9] ) are shown to be compared with the extrapolated value. One can see that all of the predictions are either lower or higher than the extrapolated value by at least 0.9 MeV. Fig. 1 presents the results of our HF+BCS calculations using nine sets of the Skyrme force parameters. We draw PES curves as functions of the quadrupole deformation parameter δ defined as
whereQ z is the axially symmetric mass quadrupole moment,Q z ≡ 2ẑ 2 −x 2 −ŷ 2 , andr 2 is the squared mass radius,r 2 ≡x 2 +ŷ 2 +ẑ 2 . The excitation energy E * of the SD minimum at δ ∼ 0.5 measured from the ground-state minimum at δ ∼ −0.1 is given in parentheses in units of MeV for each force.
The left-hand portion of Fig. 1 shows the results with five widely-used Skyrme interactions; SIII [14] , SkSC4 [15] , SkM * [16] , SkP [17] , and SGII [18] . One can see that the SkM * as well as the SkP forces are the best ones to reproduce the experimental value of E * . On the other hand, the SIII and the SkSC4 forces make the nucleus too stiff against deformation, while the SGII too soft. From a macroscopic point of view, the softness toward deformation is determined by the smallness of the surface energy coefficient a s [16] specific to each force. The SkM * is a force adjusted so as to reproduce the fission barrier height of 240 Pu and thus is expected to have the correct surface energy coefficient. The right-hand portion of Fig. 1 gives the results for four new parameter sets, SkI2 -SkI5 [19] . These forces have different features involving the density dependence of the spin-orbit potential. The standard Skyrme interactions, such as SkI2 and SkI5, produce spin-orbit potentials for neutrons which are proportional to the gradient of ρ + ρ n , where ρ (ρ n ) denotes the nucleon (neutron) density. On the other hand, the spin-orbit potentials produced by SkI3 and SkI4 are proportional to the gradient of ρ and roughly ρ − ρ n (=ρ p ), respectively. The parameters of SkI2 -SkI4 were determined by fitting to the same set of nuclear properties. A slightly different set of the quantities was adjusted to determine SkI5. Among these four forces, SkI3 reproduces the experimental value of E * very accurately. On the other hand, SkI2 and SkI5 (i.e., standard Skyrme forces) make the nucleus too soft against deformations while SkI4 too stiff. This fact is consistent with the relativistic mean-field theory, whose "spin-orbit potential" has a similar density dependence [19] to that of SkI3.
We now discuss the effects of pairing. Using the same Skyrme interaction SkM * , Krieger's calculation [8] and ours give different results, which originate in the difference of the strengths of the seniority interaction used to describe the pairing correlation.
Krieger et al. used the pairing force strengths G τ (τ =n for neutrons and τ =p for protons) given by the following formula,
On the other hand, we determined the strengths G τ such that the so-called classical empirical formula of the average pairing gap,
is reproduced for shell-effect-averaged level density obtained in the Thomas-Fermi approximation. The pairing-active space is the same in both the Krieger et al. treatment and ours: single-particle levels below "the Fermi level plus 5 MeV" were taken into account in the BCS calculation in both cases. See Ref. [6] for details of our calculations. The effects of the change in the pairing strengths are demonstrated in Fig. 2 . The top portion shows the pairing gap of protons. The Krieger et al. strength (G p =0.192 MeV) gives a rather large pairing gap (∆ p < 1.8 MeV), while our pairing strength (0.145 < G p < 0.168 (MeV)) produces a reasonable size gap (∆ p < 1.2 MeV) for 0.2 < δ < 0.6. On the other hand, the pairing gap of neutrons does not differ very much between the two calculations and has a reasonable size as shown in the middle portion of Fig. 2 . This is a direct consequence of the fact that the Krieger et al. strength (G n = 0.132 MeV) and our strength (0.114 < G n < 0.126 (MeV)) do not differ very much.
The PES curves are shown in the bottom portion of Fig. 2 . One can see that the reduction of the proton's pairing force strength raises the energy by 3 MeV at the barrier and by 1 MeV at the SD minimum while leaving the energy almost unchanged at the oblate minimum. Consequently, Krieger et al. obtained E * = 5.0 MeV, which is lower than our value by 1.3 MeV, and the barrier height (defined in the figure) E B = 1.8 MeV, which is lower than our value by 1.7 MeV.
Note that the half-life of the SD band head due to decay into the normal-deformaion (ND) well is longer for higher barriers. We have estimated the half-life using WKB approximation (f B = 10 in Eq. (9)). The resulting half-life is 6 × 10 −17 sec for the Krieger et al. pairing force strengths while it is 1 × 10 −13 sec for our strengths. The difference amounts to a factor of about 10
3 . In Fig. 3 , we show the Nilsson diagram obtained by self-consistent mean-field calculation for 194 Hg using SkM * . In the case of proton, one can see clearly a lacuna at Z = 80 in the vicinity of δ ∼ 0.52. On the other hand, there is no clear lacuna for N = 114 in the case of neutron. But the level density near the Fermi surface is relatively small so that neighboring isotopes have an SD. This is consistent with the fact that the proton pairing gap sharply decreases, while the neutron pairing gap does rather smoothly at δ ∼ 0.52, as we showed in Fig. 2 .
The analysis of the SD state in 194 Hg indicates the appropriateness of our pairing force strengths combined with the SkM * , SkP, and SkI3 forces for the HF potential.
Fission Isomers
We have also applied the HF+BCS method to fission isomers. Among several tens of actinide nuclei having fission isomers, 236 U and 238 U are the only ones whose fission isomers were observed to decay electromagnetically into ND states [20] . The energy of the gammaray tells us the excitation energy of the fission isomer, while the measured half-life gives information on the barrier between the SD and the ND wells.
We estimate the half-lives as
where the half-life τ 1/2 is inversely proportional to two quantities. One is the quantity, n, the number of assaults in the SD well, which may be estimated as
where ω β-vib is the angular frequency of the β-vibration in the SD well. We assume that ω β-vib scales as A −1/6 and thathω β-vib = 1 MeV for A = 150. The other quantity, P , is the penetration probability through the barrier into the ND well, which is related to the action S in the WKB approximation as
On the right hand side of Eq. (7), β 2 is the deformation of the SD isomer while β 1 is the deformation in the ND well where the total energy is the same as that of the SD isomer, i.e., V (β 1 ) = V (β 2 ) = E. We relate β to δ defined by Eq. (1) as β = (16π/45) 1/2 δ ≃ 1.06δ. The action S takes on large values when the barrier is large and broad and/or when the collective mass B(β) is large.
The collective mass for small-amplitude irrotational hydro-dynamical motions is expressed as [21] B λ = ρR
where λ(= 2) is the multipolarity of the motion, ρ the nucleon density inside the nucleus (= 3Am N /4πR 3 0 ), R 0 the nuclear radius (= 1.2A 1/3 fm), A the mass number, and m N the bare nucleon mass. We express the collective mass in units of B 2 , neglecting the dependence on deformation:
The empirical enhancement factor f B varies between 10 and 40 when it reproduces the quadrupole vibrational levels of spherical nuclei [22] . Table 2 gives the experimental and theoretical values of the excitation energies and the partial half-lives of the fission isomers. The first line gives the experimental values, while the second line shows the results calculated by Chinn et al. [23] . They employed the Hartree-Fock-Bogoliubov (HFB) method with the Gogny D1 force [24] . They calculated the half-lives by reducing the Hill-Wheeler equation for the generator coordinate method (GCM) to a Schrödinger equation with the Gaussian overlap approximation. The fifth and the sixth lines give the results obtained by Krieger et al. [26] , who employed the HF+BCS method with the SkM * force and the pairing force strengths fitted so as to reproduce the experimental pairing gaps. They estimated the half-lives with the GCM without further approximations. Lines 7-10 are the results of our calculations using the SkM * force. We determine the pairing force strengths in the same manner as we did for 194 Hg.
Chinn et al. reproduced the excitation energy of 238 U rather well (the error is +11%). In Ref. [25] , Krieger et al. obtained a better agreement with the experimental value (the error is -11%) by taking into account the correlations in both the ground and SD states with the GCM method than without the correlation (the error is +17%). Recently, they revised the calculations [26] with slightly weaker pairing strengths so as to reproduce the experimental pairing gaps (
As a result, they obtained improved results. For 238 U, the error is +6% for HF+BCS, +2% with GCM. For 236 U, the error is +5% for HF+BCS, +1% with GCM. This also shows that the excitation energy of the very deformed isomers is very sensitive to the strengths of pairing force. The partial half-lives were not reproduced very accurately either by Chinn et al. [23] or Krieger et al. [26] . As for our calculations, we have to determine the enhancement factor f B before estimating the half-lives. Conversely, when the factor f B is adjusted to reproduce the experimental half-lives, the resulting values are f B = 13.7 for 236 U and f B = 10.4 for 238 U. Our calculations of the half-lives are crude because of our use of the WKB approximation. There are many factors which can strongly influence the calculation of the half-lives. Our calculation takes into account the landscape of the potential energy curve and the collective mass. It does not take into account the triaxial deformation, the level density in the ND well and the angular momentum projection effect.
Systematics of the non-rotating SD
From the analysis in the last two sections, SkM * seems the best Skyrme force to describe non-rotating SD states. With this force, we have explored a wide area of the nuclear chart ranging from Z = 20 to Z = 82 for the SD states at zero spin in even-even nuclei. To compare the energy of zero spin states with experiments, one should perform the angular momentum projection. In this paper, we approximate the zero-spin states by non-rotating states.
An earlier microscopic attempt to explore SD at zero spin was made by Bonche et al. [27] for the Os-Pt-Hg region using the HF+BCS with the SIII force. Later, Krieger et al. [8] changed the force to SkM * and performed an extensive calculation covering from 62 Sm 126 to 92 U 146 to obtain SD minima for 148 nuclei. We employed the same Skyrme force as Krieger et al. used. However, the results of our calculations are significantly different as we will show at the end of this section. The difference originates in their proton pairing-force strength, which seems too strong as demonstrated clearly in sect. 2 for 194 Hg. Our calculations do not cover very neutron-rich nuclei, unlike the calculations by Krieger et al., because the pairing correlation among neutrons cannot be correctly described within the HF+BCS scheme for these nuclei. When the Fermi level approaches zero from below, the continuum single-particle states are involved strongly in the pairing correlation. This coupling cannot be treated in the HF+BCS scheme, which relies on an assumption that the pair-scattering matrix elements are independent of the single-particle wave functions (e.g., constant as in the seniority force). For the correct description of the coupling, one has to switch from the HF+BCS to the HFB scheme [17] .
In order to search for the SD solutions, we took the following steps: i) We prepared an initial wave function by either using the solution for a neighboring nucleus or taking the eigenstate of the Nilsson potential of appropriate deformation.
ii) If the quadrupole deformation parameter δ of the initial wave function was smaller than 0.6, we exerted an external potential proportional toQ z on the initial wave function until δ exceeded 0.6. Then, we switched off the external potential.
iii) We let the wave function evolve in imaginary time [28] by itself. If it converged to a local minimum with δ > 0.35, we regarded that the nucleus has an SD isomeric state. If δ became less than 0.35 in the course of the self evolution, we concluded that the nucleus does not have an SD state.
iv) If the nucleus had an SD minimum, we calculated the potential energy curve for 0 ≤ δ ≤ 0.6 (−0.3 ≤ δ ≤ 0.6 for Z=80) by imposing a constraint onQ z . We also imposed x 2 − y 2 mass = 0 for the sake of a fast convergence. This step required more than ten times as long computation time as the previous three steps. It was necessary, however, to calculate the excitation energy and the barrier height, which are necessary to estimate the half-life of the isomer.
Following the above prescription, we explored 642 even-even nuclei with 20 ≤ Z ≤ 82 and found SD minima in 118 nuclei. In Table 3 , we give the deformation δ, the excitation energy E * , and the barrier height E B of the thus-obtained large-deformation (i.e., δ > 0.35) solutions of 118 nuclei.
These results are presented again graphically in Fig. 6 . The top portion shows the size of the quadrupole deformation δ in terms of the diameter of the circles.
The middle portion gives the excitation energy measured from the ground state. The diameter of the circles is inversely proportional to the excitation energy. Pd 46 have the largest deformations (δ ≥ 0.6) among the nuclei which we calculated. These SD states are, however, difficult to detect because the excitation energies are rather high (> 10 MeV) while the barrier heights are rather low (< 1 MeV). In Fig. 7 we show how the landscape of the PES curve changes along the Z = 82 isotope chain, which runs through this and the previous groups. One can see that, approaching to the spherical magic of N = 126, the barrier height becomes higher while the excitation energy also increases. Indeed, 208 82 Pb 126 has the largest E * (23 MeV) and E B (6.5 MeV) in this group. The former effect makes the half-lives of the SD states in N ∼ 126 nuclei very long according to Eqs. (4)- (7). However, the latter effect makes those states difficult to detect experimentally.
Judging from the location of each nucleus in (E * , E B ) plane, we think that the most promising nuclei for experimental observations in this group are 188, 190, 192 
Comparison with the results of the Nilsson-Strutinsky method
The Nilsson-Strutinsky(NS) method is a convenient and well-established method to treat nuclear deformations. Because NS computation is much simpler than self-consistent-field calculations, it seems worth doing another systematic survey of SD isomers using the NS method in order to compare the results with those of the Skyrme-HF method for the same nuclei. Our survey using NS method provides a useful overview of the situation outside the region investigated in the last section. We have utilized a program for the standard Nilsson-Strutinsky calculation [29] provided by Y. R. Shimizu [30] , which takes into account two axially symmetric deformations, i.e., the quadrupole deformation ǫ 2 and the hexadecapole deformation ǫ 4 . For each value of ǫ 2 , the value of ǫ 4 is optimized so as to minimize the total energy.
The standard values given in Table 1 of Ref. [31] are used for the parameters κ N and µ N of the Nilsson potential. The pairing correlation is active for single-particle levels within ±1.2hω from the Fermi level, while the strengths of the pairing force are determined such that the smoothed pairing gap becomes∆ = 13A −1/2 MeV. The parameters of the macroscopic part [32] are a s = 17.9439 MeV, κ s = 1.7826, and R c = 1.2249A
1/3 fm. See Ref. [33] for calculational details.
With this model one can calculate the entire region of the nuclear chart, i.e., from the proton drip line to the neutron drip line: The model does not suffer from the problem of neutron pairing in neutron-rich nuclei explained in sect. 4 because the Nilsson potential does not have a continuum spectrum. Concerning the expected enhancement of the pairing due to the coupling with the continuum states, however, the present model simply neglects its influences.
The calculation for 2000 even-even nuclei can be completed in a few hours with an ordinary personal computer owing to the simpleness of the NS method itself and also to the specialization of the code to non-rotating axially symmetric states. Fig. 11 displays the resulting deformations ǫ 2 , excitation energies E * , and barrier heights E B of the SD minima at ǫ 2 > 0.35. Let us discuss the results according to the grouping employed in sect. 4.
The area of this island of zero-spin SD states is much smaller than in the Skyrme-HF results.
48
The number of nuclei is reduced from 10 to 4.
3. 58 ≤ Z ≤ 60, 60 ≤ N ≤ 66 None of the 6 nuclei were found to display SD isomers in the NS model.
The number of nuclei is almost unchanged (thirty), but the number of neutron deficient (rich) nuclei is decreased (increased). The appearance of SD around PbHg-Pt isotopes is quite similar in the Skyrme-HF and the NS methods. However, the details are different. For example, the PES of the Skyrme-HF has a smaller E * and a larger E B than that of the NS model for the Pb isotopes.
Z + N >∼ 200
One can see that the group No. 5 found in the Skyrme-HF is a part of a huge area extending to Z > 82 and/or N > 126. In the actinide region there exist fission isomers for almost all the nuclei except in a rectangle-like area Z ≥ 102 and N ≤ 186, where large deformation minima do not exist and the nucleus goes into fission directly from the ground state. 
Conclusions
In this paper we studied the super-deformed states at zero spin using the HF+BCS method with the Skyrme interactions.
In sect. 2, we compared nine parameter sets of the Skyrme force in their ability to reproduce the SD bandhead of 194 Hg. The best agreements of the excitation energy with the experimental value are obtained for the SkM * , SkP, and SkI3 interactions. The contour of the PES curve, especially the barrier height, is found to be very sensitive to the pairing force strengths.
In sect. 3, we presented our studies of the fission isomers in 236,238 U. The agreement with experimental excitation energies is better for the SkM * force than for the SkP and SIII forces. The SkM * seems to be the best one among the available parameter sets of the standard Skyrme interaction for the treatment of large deformations.
In sect. 4, we presented our studies of the systematics of large-deformation (δ > 0.35) states of even-even nuclei using the SkM * force. We searched 642 even-even nuclei with 20 ≤ Z ≤ 82 and found 118 SD minima. We analyzed the systematics of the deformation, excitation energy, and barrier height of these SD minima.
The difference between our calculation and an earlier systematic study by Krieger et al. using the same Skyrme force lies in the strengths of the pairing force. We determine the strengths such that the empirical formula∆ = 12A −1/2 MeV is reproduced for the averaged single-particle level density using the Thomas-Fermi approach. Our strengths determined in this manner are weaker than those adopted by Krieger et al. As a consequence, the barrier heights are doubled while the excitation energies are not changed so much.
In sect. 5, we also used the Nilsson-Strutinsky method to do another systematic comparison with the results of our Skyrme-HF calculation.
The results of our calculations presented in Table 3 are available electronically through the Internet at http://nt2.c.u-tokyo.ac.jp/hf/sdzs/. Nuclei having SD minima are designated with circles whose diameter is proportional to δ of the SD state. Open (solid) circles are used when the SD state is the ground state (an excited state). In the middle portion, the diameter of the circles is inversely proportional to the excitation energy of the SD minimum. In the bottom portion, the diameter is proportional to the well depth of the SD minimum. Except in the top portion, a circle is not drawn when the SD minimum is the ground state. The grid indices the locations of the magic numbers for spherical shape. The solid staircaselike lines represent the two-proton and the two-nucleon drip lines taken from Ref. [6] .
Our calculations have been done only for the nuclei between the two-proton drip line and the dashed staircase-like line. [9] 6.017 Woods-Saxon-Strutinsky [10] 4.6 Woods-Saxon-Strutinsky [11, 9] 4.9 HF+BCS with SkM * [8] 5.0 HFB with Gogny D1 [12] 6.9 Nilsson-Strutinsky [13] 7.5 Table 3 : Properties of SD minima in 20 ≤ Z ≤ 82 even-even nuclei calculated with the HF+BCS method using the SkM * force and a seniority pairing force. The columns present the atomic number Z, the neutron number N, the deformation δ, the excitation energy E * , and the barrier height E B . A letter "g" in the first column indicates that the SD minimum is the ground state, while a chatacter " * " means that it is an excited state having a rather low excitation energy (< 8 MeV) and not a too shallow barrier height (> 0.5 MeV). 
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